Dictyostelium discoideum MyoD, a long-tailed class I myosin, co-purified with two copies of a 16 kDa light chain. 
INTRODUCTION
The lower eukaryote Dictyostelium discoideum expresses 12 different myosin heavy chains, including seven non-filamentous, single-headed class I myosins (MyoA-MyoF and MyoK) (reviewed in [1, 2] ). Each myosin I heavy chain consists of a conserved motor domain that is responsible for ATP-dependent movement along actin filaments, an α-helical neck region that binds light chains by means of sequences known as IQ (Ile-Gln) motifs and a C-terminal tail. Light chains have an essential role in stabilizing the myosin neck region, so that it can function as a rigid lever arm that swings relative to the motor domain to generate movement, and, in addition, can be important sites for regulation, either through phosphorylation or by binding Ca 2+ [3, 4] . Although the neck regions of all Dictyostelium myosins contain one or more IQ motifs, to date, only the essential and regulatory light chains associated with Dictyostelium myosin II have been identified [5, 6] . In the present paper, we describe the characterization of a novel calmodulin-like protein that functions as the light chain for Dictyostelium MyoD.
Dictyostelium MyoA and MyoE (and probably also MyoF, for which a full sequence is not available) have short tails consisting of a basic TH1 domain that binds anionic phospholipids, whereas MyoB, MyoC and MyoD have longer tails comprising a TH1 domain, a TH2 domain that binds actin filaments in a nucleotideinsensitive manner and an SH3 domain (reviewed in [7, 8] ). MyoK is an atypical myosin I that almost completely lacks a neck and tail region [9] . Short-tailed myosins I can power motile processes by translocating actin filaments relative to membranes, whereas the long-tailed myosins I can also contract and collapse actin Abbreviations used: CTER, calmodulin, troponin C, myosin II ELC and RLC; ECL ® , enhanced chemiluminescence; ELC, essential light chain; ESI, electrospray ionization; GST, glutathione S-transferase; MICLC, myosin IC light chain; MlcD, myosin light chain D; RLC, regulatory light chain. 1 To whom correspondence should be addressed (e-mail coteg@post.queensu.ca).
The nucleotide sequence data reported has been deposited in the DDBJ, EMBL, GenBank ® and GSDB Nucleotide Sequence Databases under the accession number AY280458. filament networks [10, 11] and interact via their SH3 domain with the CARMIL (capping protein, Arp2/3 and myosin I linker) family of scaffolding proteins [12] . Dictyostelium cells lacking one or more myosin I isoenzymes exhibit defects in a wide range of actin-based motile processes, including pseudopod formation, phagocytosis, chemotactic streaming, fluid-phase pinocytosis and the maintenance of cortical tension [9, [13] [14] [15] [16] [17] . The different Dictyostelium myosin I isoforms do not have identical cellular roles. For example, cells lacking MyoD exhibit no obvious behavioural defects, MyoC null cells are impaired in phagocytosis, and MyoB null cells have defects in pseudopod formation, phagocytosis, motility and chemotactic streaming [13, 14, 16, 18] . The molecular basis for these distinct functions is not clear, but may relate to differences in the structure of the tail domain or in the regulatory properties of each myosin.
Myosins I from lower eukaryotes are activated by the phosphorylation of a serine/threonine residue in the motor domain of the heavy chain at a position known as the TEDS (Thr-Glu-AspSer) rule site [19, 20] . Phosphorylation of the TEDS rule site is catalysed by members of the p21-activated kinase (PAK) family, whose activity is controlled by the small GTPases Cdc42 and Rac [21] [22] [23] . In contrast, vertebrate myosins I have an aspartic or glutamic residue at the TEDS rule site and so do not require heavy chain phosphorylation for activity. The vertebrate myosins I employ the ubiquitous Ca 2+ -sensor protein calmodulin as a light chain, and their motor activity can be modulated by the binding of Ca 2+ to the calmodulin light chains [24] [25] [26] [27] .
Despite the fact that the Dictyostelium myosins I have been the subject of extensive investigation, the identity of their light chains remains unknown. In the present study, we show that the light chain associated with MyoD is a unique calmodulin-related protein that has lost the ability to bind Ca 2+ with high affinity. The MyoD light chain, termed MlcD, is not associated with MyoB or MyoC, indicating that differences in both the heavy and light chains may contribute to the distinct physiological functions of the long-tailed Dictyostelium myosin I isoenzymes.
EXPERIMENTAL

MyoD purification and sequence analysis
Lysates of Dictyostelium AX3 cells were chromatographed over a column of phosphocellulose P11 (Whatman) to resolve MyoB, MyoC and MyoD as previously described [28] . MyoD was purified further by precipitation with skeletal-muscle actin and by chromatography over a MonoQ HR 5/5 column. The stoichiometric ratio of the MyoD heavy and light chains was analysed by densitometry of Coomassie-Blue-stained SDS gels using a FluorChem Imaging System (Alpha Innotech Corp., San Leandro, CA, U.S.A.).
For sequence analysis, 150 µg of MyoD was subjected to SDS/PAGE on a 16 % gel and was transferred electrophoretically on to HyBond nitrocellulose (Amersham Biosciences). Following staining with Amido Black, pieces of nitrocellulose containing the 16 kDa light chain (MlcD) were excised, blocked with 0.5 % polyvinylpyrrolidine (PVP-40; Sigma) in 100 mM ethanoic acid for 30 min at 37 • C, suspended in 100 mM NaHCO 3 and incubated at 37 • C for 12 h with trypsin [29] . Peptides were resolved on a Superpac Pep-S (Amersham Biosciences) column using an acetonitrile gradient in 0.1 % (v/v) trifluoroacetic acid. Automated Edman sequence analysis was performed using an Applied Biosystems 470A Sequencer (Alberta Peptide Institute, Edmonton, Canada).
Cloning and bacterial expression of MlcD and the MyoD IQ motifs
Genomic DNA for PCR analysis was prepared from growthphase Dictyostelium AX3 cells as described [30] . Total RNA was extracted from growth-phase cells with TRIzol ® Reagent (Invitrogen) and was subsequently used as the substrate for cDNA synthesis using mMLV reverse transcriptase (Promega). MlcD and the MyoD IQ motifs were created by PCR with Expand High Fidelity polymerase (Roche Diagnostics) using cDNA as a template. All IQ motif constructs contained a C-terminal His 6 tag. Constructs were subcloned into pGEX-4T3, transformed into Escherichia coli strain DH5α and sequenced to confirm correct amplification. The expression of GST (glutathione S-transferase) fusion proteins was induced by adding IPTG (isopropyl β-Dthiogalactoside) for 4 h at 37 • C. Bacteria were harvested, resuspended in TBS (50 mM Tris/HCl, pH 7.4, and 150 mM NaCl) containing 0.2 mg/ml lysozyme, sonicated on ice and centrifuged at 15 000 g for 20 min. GST-MlcD and GST-IQb were expressed as soluble proteins, but GST-IQa and GST-IQab were recovered in the pellet. Attempts to solubilize GST-IQa and GSTIQab were unsuccessful, although extensive washes of the pellet fraction with TBS containing 2 M urea resulted in the removal of the majority of bacterial proteins. GST-MlcD and GST-IQb were purified using glutathione-Sepharose 4 Fast Flow (Amersham Biosciences). GST was cleaved from GST-MlcD by a 30 min incubation at room temperature (21 • C) with thrombin (a gift from Dr M. Nesheim, Queen's University). Thrombin and GST were removed either by heating the sample at 90 • C for 4 min in the presence of 5 mM CaCl 2 or through the use of successive columns of glutathione-Sepharose and benzamidine-Sepharose 4 Fast Flow (Amersham Biosciences). MlcD isolated by both procedures behaved identically.
MS analysis
MlcD was stripped of bivalent cations by dialysis against 10 mM ammonium acetate, pH 5.0, and 5 mM EDTA. EDTA was then removed by extensive dialysis against 10 mM ammonium acetate and 250 mM KCl, followed by 10 mM ammonium acetate. Electrospray ionization (ESI) mass spectra were acquired on a Micromass Q-Tof Ultima spectrometer (Protein Function Discovery Centre, Queen's University) in positive-ion mode. MlcD (10 µM) in the absence or presence of 10 µM CaCl 2 or 5 µM LaCl 3 was infused into the spectrometer at a rate of 10 µl/min using 10 mM ammonium acetate, pH 5.0, as solvent. Scans were typically collected from a mass-to-charge ratio of 550-2900 over 2.4 s, averaged out over 40 scans and deconvoluted to parental masses using the MassLynx software package.
Fluorescence measurements
MlcD was dialysed against 100 mM Hepes, pH 7.0, and 5 mM EDTA, followed by extensive dialysis against 100 mM Hepes, pH 7.0, and 250 mM KCl and then 100 mM Hepes, pH 7.0. The intrinsic tryptophan fluorescence of MlcD was analysed using a PerkinElmer LS50B luminescence spectrometer. Excitation was at 280 nm and fluorescence emission was monitored at 345 nm. During experiments, solutions were kept at 21 • C and were continuously mixed using a small magnetic stirring bar. Titrations were performed by adding 1-2 µl aliquots of stock CaCl 2 and MgCl 2 solutions. The final added volume of CaCl 2 or MgCl 2 was always less than 5 % of the total volume. Titrations were carried out at three different MlcD concentrations (1, 5 and 10 µM) with virtually identical results. Results were fitted to the equation
where y is the fraction of maximum fluorescence change, a is the maximum change in fluorescence, k is the Ca 2+ concentration required for half-maximal fluorescence change, h is the Hill constant, and x is the Ca 2+ or Mg 2+ concentration. Quantum yields were normalized to a value of 0.13 for free tryptophan [31] .
Actin-binding and activity assays
ATPase activities were measured by the release of 32 P i from [γ -32 P]ATP. K + /EDTA-ATPase activity assays were performed in 0.5 M KCl, 35 mM EDTA, 1 mM ATP and 25 mM Tris, pH 7.5. MgATPase activity assays were carried out in 10 mM MgCl 2 , 1 mM ATP, 1 mM dithiothreitol, 10 mM Tes, pH 7.5, and 0.25 mM EGTA, with or without 1 mM CaCl 2 , and with or without 100 µg/ml of rabbit skeletal muscle actin [32] . Actin-pelleting experiments were performed by incubating MyoD (30 µg/ml) with actin (100 µg/ml) in 100 mM KCl, 1 mM dithiothreitol and 10 mM Tes, pH 7.5, containing either 1 mM EGTA or 1 mM CaCl 2 , for 1 h at room temperature followed by centrifugation in a Beckman TLA 100 rotor at 100 000 g for 20 min. Pellets were resuspended in the assay buffer to the original volume and were analysed, along with equal amounts of the supernatants, by SDS/PAGE.
Expression and analysis of FLAG-MlcD
The MlcD construct was cloned into the pDXA-FLAG plasmid to add an N-terminal FLAG epitope [33] . Plasmids were transformed into Dictyostelium AX3 cells and clonal cell lines were selected using 20 µg/ml G418. Lysates from cells (30 g wet mass) expressing FLAG-MlcD were chromatographed over phosphocellulose to resolve MyoB, MyoC and MyoD [28] . Extracts for immunoprecipitation experiments were prepared by lysing cells in TBS containing 0.1 % (v/v) Triton X-100 and a protease inhibitor Light shading is used to highlight residues at the X, Y, Z, -X and -Z positions of the four predicted EF-hand loops (EF1-EF4). In the canonical EF-hand, these residues are involved in chelating the Ca 2+ ion.
cocktail (Sigma). Following centrifugation at 15 000 g for 15 min, the supernatant was mixed with anti-FLAG epitope M2 antibody beads (Sigma) for 1 h at 4 • C. Beads were collected by centrifugation and washed five times with lysis buffer. Immunoprecipitated proteins were eluted from the beads with 2× SDS sample buffer, resolved by SDS/PAGE and subjected to immunoblot analysis using an anti-FLAG epitope M5 antibody (Sigma), an anti-Dictyostelium calmodulin antibody (a gift from Dr Thierry Soldati, Imperial College of Science Technology and Medicine, London, U.K.) and rabbit polyclonal antibodies against MyoB, MyoD [28] and MyoC (a gift from Dr John Hammer, III, National Institutes of Health, Bethesda, MD, U.S.A.) [12] . Immunoblots were visualized using a horseradish-peroxidase-conjugated secondary antibody and ECL ® (enhanced chemiluminescence; Amersham Biosciences).
Overlay analysis
MlcD and bacterially expressed human calmodulin were biotinylated using N-hydroxysuccinimidobiotin (Sigma) according to the manufacture's protocol. The behaviour of the biotinylated proteins was identical with that of the unmodified proteins, as judged by measurements of the Ca 2+ -induced change in intrinsic fluorescence for MlcD and the Ca 2+ -induced mobility shift on SDS/PAGE for calmodulin. Overlay assays were performed by resolving GST-IQ motif proteins by SDS/PAGE, followed by transfer to ImmobilonP (Millipore). Membranes were blocked for 2 h with TBS containing 1 % (w/v) BSA and 0.1 % (v/v) Tween 20 and were then probed with 1.2 µM biotinylated calmodulin or MlcD for 1 h at room temperature. After three 15 min washes with blocking buffer, biotinylated proteins were detected using horseradish-peroxidase-conjugated avidin (Sigma) and ECL ® .
RESULTS
Sequence analysis of the Dictyostelium MyoD light chain
Dictyostelium MyoD is a long-tailed class I myosin consisting of a heavy chain with a molecular mass of 125 kDa [18] . SDS/PAGE analysis of a number of preparations of purified MyoD consistently showed that a protein with a molecular mass of approx. 16 kDa co-purified with the 125 kDa heavy chain ( Figure 1A ). The stoichiometry of the 16 kDa protein to the MyoD heavy chain was in the range 1.7-2.4:1 for four separate preparations of MyoD.
In accordance with this stoichiometry, two putative IQ motifs can be recognized in the neck region of the MyoD heavy chain (see below). Following SDS/PAGE, the 16 kDa protein was transferred on to nitrocellulose and was digested with trypsin. The resulting peptides were resolved by chromatography over a reverse-phase HPLC column and subjected to automated Edman sequence analysis, yielding the sequences XLGQNPSQSEINEILR and QAVGSGDGAINYEPF. Exact matches to both tryptic peptide sequences were identified in the translation of two cDNA clones obtained by the Dictyostelium discoideum cDNA project in Japan (GenBank ® accession numbers C24640 and AU075930). Both cDNAs, which derive from the slug stage of development, code for a previously undescribed protein, which we have termed myosin light chain D (MlcD). The cDNA encoding MlcD was amplified by reverse transcriptase (RT)-PCR from RNA extracted from growth-phase Dictyostelium and by PCR from genomic DNA. Analysis of these products confirmed the sequence of MlcD and showed that the mlcD gene is interrupted by a single 133 bp intron ( Figure 1B ). Conceptual translation of the nucleotide sequence shows that MlcD is 147 residues in length with a molecular mass of 16 483 Da, consistent with the size of the light chain associated with MyoD as estimated by SDS/PAGE ( Figure 1C) . MlcD is quite an acidic protein, with a pI of 4.38 and a net negative charge at pH 7.0 of -11.
Phylogenetic analysis of MlcD
When BLAST searches using the amino-acid sequence of MlcD were carried out against known Dictyostelium proteins, MlcD was found to be most closely related to calmodulin (44 % sequence identity). As with calmodulin, four helix-loop-helix EF-hand Ca 2+ -binding motifs can be recognized in the MlcD sequence ( Figure 1C) . A phylogenetic tree generated from sequence alignments of Dictyostelium small (< 25 kDa) four EF-hand proteins shows that MlcD is also closely related to CalB, a calmodulinrelated protein, and the myosin II essential light chain (ELC) and regulatory light chain (RLC) (Figure 2 ). The high degree of sequence similarity between MlcD and calmodulin, which functions as the light chain for several types of myosin I, and the myosin II ELC and RLC, is entirely consistent with the functional identification of MlcD as a MyoD light chain.
When compared with proteins from other organisms, MlcD exhibited a high degree of sequence identity with many different types of calmodulin, a result that reflects the highly conserved nature of the calmodulin sequence. Excluding calmodulin, MlcD was found to share the greatest degree of sequence identity (43 %) with the Acanthamoeba myosin IC light chain (MICLC) (Figure 2) . Interestingly, phylogenetic analysis indicates that the heavy chains of MyoD and Acanthamoeba myosin IC are more closely related to each other than they are to any of the other Dictyostelium or Acanthamoeba myosin I heavy chains [34] . The close relationship exhibited by both the heavy and light chains of MyoD and Acanthamoeba myosin IC suggests that the two proteins are functional homologues.
Expression of FLAG-tagged MlcD in Dictyostelium
Overexpression of a FLAG-tagged MlcD in Dictyostelium had no noticeable effect on cell growth rates in suspension or on Petri plates, on the organization of the actin cytoskeleton or on the ability of cells to complete the developmental cycle (results not shown). The ability of FLAG-MlcD to associate with myosin I was examined by chromatographing lysates from cells expressing FLAG-MlcD over a phosphocellulose column. This column has previously been demonstrated to resolve all three of the longtailed Dictyostelium myosin I isoforms (MyoB, MyoC and MyoD) ( Figure 3A ) [28] . The highly acidic MlcD would not be expected to bind to this column unless it was associated with another protein. Indeed, immunoblot analysis showed that a significant amount of FLAG-MlcD was present in the flow-through from the phosphocellulose column, suggesting that FLAG-MlcD may be able to exist on its own as a soluble and stable protein in the Dictyostelium cytosol ( Figure 3B ). The fractions containing MyoB, MyoC and MyoD were detected and pooled based on assays of their K + /EDTA-ATPase activity ( Figure 3A ). Immunoblot analysis showed that MlcD co-purified with the MyoD pool, but not with MyoB or MyoC ( Figure 3B ). The small amount of MlcD present in the MyoB pool was due to contamination with MyoD and was eliminated when MyoB was further separated from MyoD by chromatography over a MonoQ column (results not shown).
The interaction of MlcD with the long-tailed myosin I isoenzymes was examined further by immunoprecipitation experiments. Lysates from cells expressing FLAG-MlcD were immunoprecipitated with anti-FLAG M2 resin and probed with antibodies to MyoB, MyoC and MyoD. MyoD, but not MyoB or MyoC, coimmunoprecipitated with the FLAG-MlcD ( Figure 3C ). Addition of an excess of anti-FLAG M2 resin resulted in the depletion of more than 90 % of the total MyoD from cell lysates, showing that the overexpressed FLAG-MlcD can be very efficiently incorporated into MyoD ( Figure 3D ).
To test whether or not MyoB, MyoC or MyoD was associated with calmodulin, the three myosin I isoforms were immunoprecipitated from cell extracts and were probed with a polyclonal antibody against Dictyostelium calmodulin. Calmodulin was not detected in any of the immunoprecipitated fractions (results not shown). Surprisingly, when purified MyoB was subjected to SDS/PAGE, no light chain could be detected either by Coomassie Blue staining or by silver staining (results not shown). This result suggests that the MyoB light chain may not be tightly associated, and is lost during the purification procedure. MyoC could not be purified to sufficient homogeneity to identify the presence of an associated light chain.
Ca
2+ -binding properties of MlcD
The classical EF-hand is characterized by a sequence of 12 amino acids in which residues at positions 1, 3, 5, 7, 9 and 12 (usually designated X, Y, Z, -Y, -X and -Z) co-ordinate Ca 2+ [35, 36] . Aspartic, asparagine or serine residues are commonly present in the X, Y, Z and -X positions, where they provide side-chain oxygen ligands to chelate Ca 2+ , whereas a glutamic residue almost always occupies the -Z position and contributes both side-chain oxygens to co-ordinate calcium. Although the N-terminal EFhand of MlcD (EF1) conforms to the consensus Ca 2+ -binding sequence, the other three EF-hands (EF2-EF4) have deletions or non-conservative substitutions that might render them nonfunctional: EF2 has glycine at the X position and lacks a glutamic residue that could fill the -Z position, EF3 has lysine, glycine and aspartic residues at the Z, -X and -Z positions respectively, and EF4 has valine and proline residues at the X and -Z positions respectively ( Figure 1C) . The metal-ion-binding properties of bacterially expressed MlcD, which has two vector-derived amino acids (glycine and serine) at the N-terminus that are not present in MlcD, were analysed by ESI MS (positive-ion mode). In the absence of metal ions, recombinant MlcD displayed a molecular mass of 16 664 Da, which is in close agreement with the mean isotopic mass calculated from the sequence (16 663 Da) (Figure 4 ). Upon addition of 10 µM Ca 2+ , a major peak appeared at M + 40 and a minor peak appeared at M + 80, corresponding to MlcD with one or two bound Ca 2+ . Under similar conditions, four Ca 2+ could be detected bound to calmodulin (results not shown), in agreement with a previous study [37] . The ability of MlcD to bind La 3+ , a tightbinding Ca 2+ analogue with a mass of 139 Da, was also examined. In the presence of 2.5 µM La 3+ , a major peak was obtained that corresponded to MlcD bound to a single La 3+ (Figure 4) . A second much less intense peak sometimes appeared under these Figure 5A ). This corresponded to a decrease in the quantum yield from 0.18 to 0.12 when emission spectra were standardized to a value of 0.13 for free tryptophan in the same buffer [38] . The change in fluorescence of Trp 39 could be fully reversed upon chelation of Ca 2+ or Mg 2+ by addition of EDTA. In the presence of 1 mM Mg 2+ , addition of Ca 2+ produced only a small additional decrease in fluorescence intensity, suggesting that both metal ions induce a comparable change in the environment of Trp 39 ( Figure 5A ). Titrations performed with Ca 2+ and Mg 2+ yielded changes in the fluorescence intensity of MlcD that were consistent with the presence of a single metal-ion-binding Studies were carried out to determine if the conformational change induced by Ca 2+ altered the properties of MlcD. Unlike calmodulin, which increases its mobility on SDS/PAGE in the presence of Ca 2+ , no change in the electrophoretic mobility of MlcD was observed in the presence of Ca 2+ ( Figure 6A ). The binding of Ca 2+ exposes hydrophobic residues on the surface of calmodulin, which results in Ca 2+ -dependent binding to hydrophobic target sites on proteins and to resins such as phenyl-Sepharose [39] . In contrast, MlcD was unable to bind phenyl-Sepharose in the presence of Ca 2+ , suggesting that Ca 2+ does not promote the exposure of a hydrophobic group on the surface of MlcD ( Figure 6B ). The binding of Ca 2+ can also reduce the affinity of calmodulin for myosin IQ motifs, leading to dissociation of calmodulin from the myosin heavy chain [7] . Pull-down experiments using actin filaments showed that MlcD did not dissociate from the MyoD heavy chain in the presence of millimolar levels of Ca 2+ ( Figure 6C ). In addition, the actin-activated MgATPase activity of MyoD was unaffected by the presence or absence of millimolar Ca 2+ .
Interaction of MlcD and calmodulin with MyoD IQ motifs
The generalized consensus sequence for IQ motifs is (I/L/V)QXXXRXXXX(R/K) [40] . Two closely spaced IQ motifs can be recognized in the MyoD neck region, but differ from the consensus IQ motif sequence by having residues other than arginine and lysine at positions 6 and 11 ( Figure 7A ). Inspection of the IQ motif sequences shows that the first motif (IQa) is considerably more hydrophobic than the second motif (IQb). Indeed, IQa and IQab (which spans both IQ motifs) were insoluble when expressed in bacteria as GST-fusion proteins, whereas GST-IQb was soluble. GST-IQa and GST-IQab were also highly degraded when expressed in bacteria. Addition of a His 6 tag to the C-terminus of the fusion proteins significantly decreased proteolysis and also provided a means to verify that the IQ motif was present ( Figure 7B ). In overlay experiments, IQa, IQb and IQab bound both MlcD and calmodulin in a Ca 2+ -independent manner (Figure 7B) . 
DISCUSSION
In the present study, we show that MyoD, a long-tailed Dictyostelium myosin I, is associated with two copies of a 16.5 kDa light chain. Sequence analysis showed that the MyoD light chain is a novel calmodulin-related protein that we have termed MlcD. FLAG-MlcD expressed in Dictyostelium was efficiently incorporated into MyoD, confirming that MlcD functions as a MyoD light chain. Co-immunoprecipitation studies and SDS/PAGE analysis provided evidence that only MlcD, and not calmodulin, is associated with MyoD. Any calmodulin present on MyoD would easily have been detected, both because calmodulin is larger than MlcD and because it exhibits a mobility shift in the presence of calcium. The exclusive association of MlcD with MyoD is in contrast with the ability of both calmodulin and MlcD to bind to the isolated MyoD IQ motifs in an overlay assay ( Figure 7B ). However, because the overlay assays are not quantitative, this result does not rule out the possibility that the MyoD IQ motifs exhibit a higher affinity for MlcD than for calmodulin. Alternatively, it is possible that sequences outside the minimal IQ motif may be involved in the specific recognition of MlcD. Further studies on the MyoD neck region will be required to identify the features that confer specificity for MlcD. Although specialized light chains are invariably found as subunits of conventional myosin (myosin II), only a handful of unconventional myosins are known to utilize light chains other than calmodulin. These include human myosin X [41] and Toxoplasma gondii myosin A (a class XIV myosin) [42] , which are associated with calmodulin-like proteins and some class V myosins that bind both myosin II light chains and calmodulin [43, 44] . Before the present study, Acanthamoeba myosin IC was the only myosin I known to associate with a specialized light chain, a calmodulin-related protein termed MICLC [45] .
MlcD shares a high degree of sequence identity with calmodulin and, like calmodulin, has four EF-hand motifs. ESI MS showed, however, that MlcD retains only a single primary metal-binding site. Examination of the MlcD sequence suggests that the metalbinding site corresponds to the N-terminal EF-hand, EF1, since EF2 suffers from extensive deletions, and EF3 and EF4 contain non-conservative substitutions at some of the critical positions required to co-ordinate Ca 2+ . A second, lower-affinity metalbinding site was detected in MlcD, indicating that that one of the other EF-hands (EF2-EF4) may be able to bind metal ions weakly. Alternatively, examination of calmodulin by ESI MS has identified a total of nine Ca 2+ -binding sites, comprising the four high affinity EF-hand binding sites and five auxiliary, low-affinity binding sites [46] . Thus it is possible that the lower-affinity site detected in MlcD represents a poorly defined auxiliary site.
MlcD underwent a conformational change upon binding of Ca 2+ or Mg 2+ that could be detected as a change in the fluorescence intensity of Trp 39 , the only tryptophan residue present in MlcD. Ca 2+ and Mg 2+ induced comparable conformational changes in MlcD, and the presence of Mg 2+ prevented the Ca 2+ -induced conformational change, suggesting that both metal ions compete for a similar site. The affinity of MlcD for Ca 2+ (K d of approx. 50 µM) is much too low for MlcD to act as a physiological Ca 2+ sensor in Dictyostelium, where intracellular free Ca 2+ concentrations range from 40 nM in unstimulated cells to a peak value of 160 nM in aggregation-competent cells stimulated by cAMP [47] . Moreover, at the millimolar Mg 2+ concentrations present in the cytosol, the metal binding site of MlcD (K d for Mg 2+ of approx. 450 µM) would be almost fully occupied by Mg 2+ . The metal-binding properties of MlcD share a number of points of similarity with the Ca 2+ -insensitive RLCs associated with vertebrate skeletal-and smooth-muscle myosin. The muscle myosin RLCs comprise four EF-hands, but only the N-terminal EF-hand (EF1) is functional [48, 49] . Both Ca 2+ and Mg 2+ bind to the RLCs, but the affinities for the two metal ions are such that the site is occupied by Mg 2+ under physiological conditions [50, 51] . Ca 2+ and Mg 2+ both induce a conformational change in the skeletal muscle myosin RLC that reduces its Stokes radius and may increase its affinity for the heavy chain [51, 52] . At present, there is no evidence that the conformational change induced in MlcD by Ca 2+ and Mg 2+ is required for MlcD to bind the MyoD heavy chain. Actinprecipitation studies showed that MlcD remained attached to MyoD in the presence and absence of bivalent cations.
All known myosin light chains belong to the calmodulin, troponin C, myosin II ELC and RLC (CTER) subfamily of four EF-hand proteins. CTER subfamily members are congruent proteins that diverged from a single precursor of full length without subsequent domain shuffling [53] . A search of data compiled by the Dictyostelium cDNA project in Japan (http://www. csm.biol.tsukuba.ac.jp/cDNAproject.html) and the near-complete Dictyostelium genome project (http://db.dictybase.org) reveals 19 small (< 25 kDa) four EF-hand proteins, only five of which (MlcD, calmodulin, CalB, and the myosin II RLC and ELC) group with the CTER subfamily (Figure 2 ). Unless several additional members of the Dictyostelium CTER subfamily remain to be discovered, each of the eleven Dictyostelium unconventional myosins cannot be associated with a specialized light chain. Based on this analysis, it might be predicted that calmodulin functions as a generic light chain for most Dictyostelium unconventional myosins, as it does for unconventional myosins in other organisms. It should be noted, though, that neither MyoB or MyoC were found to co-immunoprecipitate with calmodulin. Whether this result simply reflects a weak association between MyoB and MyoC and the calmodulin light chain or whether both myosins have specialized light chains requires further investigation. The prospect that MlcD functions as a light chain for other unconventional myosins in addition to MyoD must also be considered. A significant amount of FLAG-MlcD was not bound to MyoD, as judged by its elution in the flow-through from the phosphocellulose column ( Figure 3B ), suggesting either that it exists on its own as a soluble protein or that it associates with other, as yet unidentified, proteins.
The motile activities of several mammalian myosin I isoenzymes associated with calmodulin are modulated by physiological levels of Ca 2+ [24] [25] [26] [27] . In some instances, elevated levels of Ca 2+ cause calmodulin to dissociate from the heavy chain, resulting in the complete loss of motor activity [24] [25] [26] . MyoD, through its association with MlcD, may be specialized to operate under conditions where Ca 2+ levels are elevated and where myosins I with calmodulin light chains may be inactivated. Gene disruption studies have provided convincing evidence that MyoB, MyoC and MyoD have distinct roles in processes such as pseudopod formation, phagocytosis, motility and chemotactic streaming [13, 14, 16, 18] . The cellular locations of the long-tailed myosin I isoenzymes also differ. In stationary-stage cells, MyoB and MyoD concentrate at the leading edge of lamellipodia and at sites of cell-cell contact, but in starved, aggregated cells, MyoB remains at these sites while MyoD relocates to the cytoplasm [54] . Furthermore, MyoB, but not MyoC or MyoD, is recruited to the plasma membrane of highly motile, streaming cells [55] . The results presented here suggest that some of the functional differences between MyoB, MyoC and MyoD are likely to depend not only on differences between the heavy chains, but also on the nature of the associated light chain.
MlcD exhibits a high degree of sequence similarity to MICLC, the light chain bound to Acanthamoeba myosin IC (Figure 2 ) [45] . Although the Ca 2+ -binding properties of MICLC have not been characterized, examination of the MICLC sequence indicates that, similar to MlcD, EF-hands 2-4 may be non-functional ( Figure 1B) . Early studies showed that the actin-activated MgATPase activity of Acanthamoeba myosins IA and IB are not Ca 2+ -sensitive [56] , but the possibility that Ca 2+ might regulate myosin IC has not been examined in detail [45] . The heavy chains of MyoD and myosin IC are also closely related, supporting the view that these two myosins are functional counterparts that evolved from a common ancestor [34] . Based on the similarity of both the heavy and light chains, it might be predicted that MyoD and Acanthamoeba myosin IC would share a conserved function in amoeboid motility, but this does not seem to be the case. Myosin IC is the only one of the three known Acanthamoeba myosin I isoforms to concentrate around the contractile vacuole complex [57, 58] . Antibodies that inhibit the activity of myosin IC interfere with the expulsion of water by the contractile vacuole and lead to cell lysis when the cells are exposed to a hypotonic stress [59] . In contrast, MyoD is not present on the contractile vacuole and MyoD-null cells are not hypersensitive to hypotonic media [16] . Additional studies are required to reconcile the discrepancy between the conserved structures of MyoD and Acanthamoeba myosin IC and their apparently divergent functions.
